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Description

TECHNICAL FIELD

[0001] The presentinvention relates to a ferroelectric
film.

BACKGROUND ART

[0002] It has recently become popular to perform re-

search and development into ferroelectric films of PZT
or SBT or the like, as well as devices such as ferroelectric
capacitors and ferroelectric memory devices that use
such films. The configurations of ferroelectric memory
devices are categorized into 1T type, 1T1C type, 2T2C
type, and simple matrix type. Of these, the structure of
the 1T type leads to the generation of internal electrical
fields which shorten the retention (data preservation) to
one month, so it is thought to be impossible to provide a
guarantee of ten years, which is generally requested of
semiconductors. The 1T1C type and the 2T2C type have
mostly the same configuration as DRAM and have se-
lection transistors, so DRAM fabrication techniques can
be used therefor. Since the 1T1C type and the 2T2C type
implement write speeds similar to those of SRAM, they
are currently being used in small-capacitance capaci-
tance products of 256 Kbit or less.

[0003] The ferroelectric materials used up until now
have mainly been Pb(Zr, Ti)O5 (PZT). With PZT, the ratio
of Zr to Ti is 52/48 or 40/60 and the composition that is
used is aregion that is a mixture of trigonal and tetragonal
crystals, or the vicinity thereof. With PZT, materials that
have also been doped with elements such as Lz, Sr, or
Caare used. These regions are used because they guar-
antee the reliability that is most necessary for a memory
element. A tetragonal region that is rich in Ti has a favo-
rable hysteresis shape, but Schottky defects caused by
the ionic crystal structure occur therein. For that reason,
failures occur in the leakage current characteristic or im-
print characteristic (measures of hysteresis distortion),
making it difficult to ensure reliability.

[0004] Asimple matrixtype of memory cell, on the other
hand, has a cell size smaller than those of the 1T1C and
2T2C types, and it is also possible to stack capacitors,
so it is promising for high integration, inexpensive appli-
cations.

[0005] Details of a conventional simple matrix type of
ferroelectric memory device are given in Japanese Pat-
ent Laid-Open No. 9-116107. This publication discloses
a drive method by which a voltage that is 1/3 of the write
voltage is applied to non-selected memory cells when
data is written to the memory cells.

[0006] However, details concerning the hysteresis
loop of the ferroelectric capacitor, which is necessary for
operation, are not specifically disclosed therein. Good
squareness of hysteresis loop is essential for obtaining
a simple matrix type of ferroelectric memory device that
can operate in practice. Ti-rich tetragonal PZT can be
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considered as a candidate for the ferroelectric material
that can be applied thereto, but the guaranteeing of reli-
ability is the most important technical concern therewith,
in a similar manner to the 1T1C and 2T2C types of fer-
roelectric memory.

[0007] PZT tetragonal crystals exhibit a hysteresis
characteristic that has the squareness suitable for mem-
ory applications, but they lack reliability and cannot be
used in practice. The reasons for this are discussed be-
low.

[0008] First of all, a PZT tetragonal thin film tends to
have a high leakage current density after crystallization,
which increases as the ratio of Ti contained therein in-
creases. In addition, static imprint testing in which data
is written once in either the positive or negative direction
and the memory device is heated and held at 100°C has
shown that most of the written data disappears after 24
hours. These problems are intrinsic to the ionic crystals
of PZT and to the Pb and Ti that are constituent elements
of PZT, and create the greatest technical problemrelating
to PZT tetragonal thin film in which large proportions of
the constituent elements are Pb and Ti. This technical
problems is great because PZT Perovskite is ionic crys-
tals, and is intrinsic to PZT.

[0009] A list ofthe main energies involved in the bonds
between the constituent elements of PZT is shown in Fig.
44 Itis knownthat PZT includes many oxygen vacancies
after crystallization. In other words, it can be expected
from Fig. 44 that Pb-O bonds have the smallest bond
energy among the constituent elements of PZT and will
simply break during baking or polarization inversions. In
other words, if Pb escapes, O will also escape for reasons
of charge neutrality.

[0010] During sustained heating such as imprint test-
ing, the constituent elements of PZT vibrate and collide
repeatedly, and the Ti that is the lightest constituent el-
ement of PZT can easily be knocked out by these vibra-
tional collisions during high-temperature retention.
Therefore, if Ti escapes, O will also escape for reasons
of charge neutrality. Since the maximum valence of +2
for Pb and +4 for Ti contribute towards bonding, there is
no way to maintain charge neutrality other than allowing
O to escape. In other words, two negative O ions escape
readily for every positive ion of Pb or Ti, so that Schottky
defects easily form.

[0011] The description now turns to the mechanism of
the generation of leakage currents due to oxygen lack in
PZT crystals. Figs. 45A to 45C illustrate the generation
of leakage currents in oxide crystals having a Brownmill-
erite type of crystal structure described by the general
formula ABO, 5. As shown in Fig. 45A, the Brownmillerite
type of crystal structure is a crystal structure having an
oxygen insufficiency in comparison with the Perovskite
type of crystal structure of PZT crystals having the gen-
eral formula ABOj. As shown in Fig. 45B, since oxygen
ions appear in the vicinity of positive ions in the Brown-
millerite type of crystal structure, positive ion defects
make it difficult for excessive leakage currentto increase.
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However, oxygenions link the entire PZT crystal in series
as shown in Fig. 45C, and leakage currents increase ac-
cordingly in the case of a Brownmillerite type of crystal
structure, in which the oxygen vacancy is larger than the
above description.

[0012] In addition to the above-described generation
of leakage currents, insufficiencies of Pb and Ti and the
concomitant insufficiency of O, which are lattice defects,
cause spatial charge polarization such as that shown in
Fig. 46. When that happens, reverse electrical fields due
to lattice defects are created by the electrical fields of
ferroelectric polarization can occur, causing a state in
which the bias potential is impeded in the PZT crystals,
and hysteresis shift or collapse can occur as a result.
Furthermore, these phenomena are likely to occur quick-
er as the temperature increases.

[0013] The above problems are intrinsic to PZT and it
is considered difficult to analyze these problems in pure
PZT, so that up until now it has not been possible to
implement suitable characteristics fora memory element
made by using tetragonal PZT.

[0014] In ferroelectric memory, one factor that deter-
mines the characteristics of the device is the crystalliza-
tion state of the ferroelectric film included within the fer-
roelectric capacitor. The process of manufacturing ferro-
electric memory has processes for forming an interlayer
dielectric and a protective film, and processes that gen-
erate large quantities of hydrogen are used. Since the
ferroelectric film at this point is mainly formed of oxides,
the oxides are reduced by the generated hydrogen during
the fabrication process, which has an undesirable effect
on the characteristics of the ferroelectric capacitor.
[0015] Forthatreason, aresistance to reduction is se-
cured for the ferroelectric capacitor in the conventional
ferroelectric memory by covering the capacitor with a bar-
rier film such as an aluminum oxide layer or an aluminum
nitride layer, to prevent deterioration of the characteris-
tics of the ferroelectric capacitor. However, such a barrier
film necessitates the use of extra real estate during the
integration of the ferroelectric memory, making it desir-
able to find a method that enables the manufacture of
ferroelectric memory by a simpler process, from the pro-
ductivity point of view as wells From US 6 465 260 B1
there is known a ferroelectric film made of Nb doped lead
zirconate titanate (PNZT).

DISCLOSURE OF THE INVENTION

[0016] The present invention provides a ferroelectric
film that is suitable for a ferroelectric memory.

[0017] A ferroelectric film according to one aspect of
the present invention is described by a general formula
AB,_,Nb,O5, wherein A includes at least Pb, wherein B
includes atleastone of Zr, Ti, V, W, Hf and Ta, and where-
in x is within the range of: 0.05 <x < 1.

[0018] A ferroelectric film according to another aspect
of the present invention is described by a general form-
uula(Pbq.,Ay)(B4xNb,)O3, wherein A includes at least
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one of La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb and Lu, wherein B includes at least one of Zr, Ti,
V, W, Hf and Ta, and wherein x is within the range of:
0.05<x<1.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019]

Fig. 1 is a schematic section through a ferroelectric
capacitor.

Fig. 2 is a flowchart of the formation of a PZTN film
by a spin-coating method.

Fig. 3is a hysteresis curve of polarization (P) versus
voltage (V) of the ferroelectric capacitor.

Figs. 4A to 4C show the surface morphologies of
PZTN films in accordance with a first-embodiment.
Figs. 5A to 5C show the crystallinities of PZTN films
in accordance with the first embodiment.

Figs. 6A to 6C show the relationship between film
thickness and surface morphology of PZTN films in
accordance with the first embodiment.

Figs. 7A to 7C show the relationship between film
thickness and crystallinity of PZTN films in accord-
ance with the first embodiment.

Figs. 8A to 8C show the hysteresis characteristics
for film thicknesses of PZTN films in accordance with
the first embodiment.

Figs. 9A to 9C show the hysteresis characteristics
for film thicknesses of PZTN films in accordance with
the first embodiment.

Figs. 10A and 10B show the leakage current char-
acteristics of PZTN films in accordance with the first
embodiment.

Fig. 11A shows the fatigue characteristic of a PZTN
film in accordance with the first embodiment, and
Fig. 11B shows the static imprint characteristic of a
PZTN film in accordance with the first embodiment.
Fig. 12 shows the configuration of a ferroelectric ca-
pacitor in accordance with the first embodiment in
which a SiO,, protective film is formed by ozone TE-
(OH

Fig. 13 shows the hysteresis characteristic of the fer-
roelectric capacitor in accordance with the first em-
bodiment in which a SiO, protective film is formed
by ozone TEOS.

Figs. 14 shows the leakage current characteristics
of a conventional PZTN film.

Fig. 15 shows the fatigue characteristic of a ferroe-
lectric capacitor using a conventional PZTN film.
Fig. 16 shows the static imprint characteristic of a
ferroelectric capacitor in accordance with the first
embodiment, which uses a conventional PZT film.
Figs. 17A and 17B show the hysteresis characteris-
tics of PZTN films in accordance with a second em-
bodiment.

Figs. 18A and 18B show the hysteresis characteris-
tics of PZTN films in accordance with a second em-
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bodiment.

Figs. 19A and 19B show the hysteresis characteris-
tics of PZTN films in accordance with a second em-
bodiment.

Fig. 20 shows X-ray diffraction patterns of PZTN
films in accordance with the second embodiment.
Fig. 21 shows the relationship between Pb insuffi-
ciency and Nb compositional ratio in a PZTN crystal
in accordance with the second embodiment.

Fig. 22 is illustrative of the WO4 crystal structure that
is a Perovskite crystal.

Figs. 23A to 23C are schematic sections illustrating
the process of manufacturing a PZTN film in accord-
ance with a third embodiment.

Figs.24A and 24B areillustrative of changesin lattice
constantin a PZTN film in accordance with the third
embodiment.

Fig. 25 is illustrative of changes in lattice mismatch
ratio between PZTN films and Pt metal films in ac-
cordance with the third embodiment.

Fig. 26 is a flowchart of the formation of a conven-
tional PZT film by a spin-coating method, as a refer-
ence example.

Figs. 27A to 27E show the surface morphologies of
PZTN films, as a reference example.

Figs. 28A to 28E show the crystallinities of PZTN
films, as a reference example.

Figs. 29A and 29B show the hysteresis loops of te-
tragonal PZT films, as reference examples.

Fig. 30 shows the hysteresis loop of a conventional
tetragonal PZT film, as a reference example.

Figs. 31A and 31B show the results of degassing
analysis on tetragonal PZT films as reference exam-
ples.

Figs. 32A to 32C show a process of manufacturing
a ferroelectric capacitor.

Figs. 33A and 33B show the hysteresis characteris-
tics of ferroelectric capacitors.

Fig. 34 shows the electrical characteristics of ferro-
electric capacitors.

Fig. 35A is a schematic plan view of a simple matrix
type of ferroelectric memory device and Fig. 35B is
a schematic section through the simple matrix type
of ferroelectric memory device.

Fig. 36 is a section through an example of a ferroe-
lectric memory device in which a memory cell array
and a peripheral circuit are integrated together on
the same substrate.

Fig. 37Ais a schematic section through a 1T1C type
of ferroelectric memory and Fig. 37B is an equivalent
circuit schematically showing the 1T1C type of fer-
roelectric memory.

Figs. 38Ato 38C show the process of manufacturing
ferroelectric memory.

Fig. 39 is an exploded perspective view of a record-
ing head.

Fig. 40A is a plan view of the recording head and
Fig. 40B is a section through the recording head.
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Fig. 41 is aschematic section through the layer struc-
ture of a piezoelectric element.

Fig. 42 is a schematic view of an example of aninkjet-
type recording device.

Fig. 43A shows the hysteresis characteristic of a fer-
roelectric film in which Ta has been added to PZT
and Fig. 43B shows the hysteresis characteristic of
a ferroelectric film in which W has been added to
PZT.

Fig. 44 lists characteristics relating to bonds of con-
stituent elements of PZT-family ferroelectric materi-
als.

Figs. 45A to 45C are illustrative of Schottky defects
in the Brownmillerite crystal structure.

Fig. 46 is illustrative of ferroelectric spatial charge
polarization.

BEST MODE FOR CARRYING OUT THE INVENTION

[0020]

(1) A ferroelectric film according to an embodiment
of the present invention is described by a general
formula AB,_,Nb,O5, an A element includes at least
Pb, a B element includes at least one of Zr, Ti, V, W,
Hf and Ta, and Nb is included within the range of:
0.05<x<1.

The A element may include Pby,Ln, (0 <y <0.2).
Ln includes at least one of La, Ce, Pr, Nd, Pm, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.

(2) A ferroelectric film according to an embodiment
of the present invention is described by a general
formula(Pb4.,A)(B1.,Nb,)O3, and an A element in-
cludes at least one of La, Ce, Pr, Nd, Pm, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, a B element
includes at least one of Zr, Ti, V, W, Hf and Ta, and
Nb is included within the range of: 0.05 <x < 1 (more
desirably 0.1 <x<0.3).

(3) With a PZT-family ferroelectric film according to
an embodiment of the present invention, a Ti com-
position is greater than a Zr composition, and at least
2.5 mol% and not more than 40 mol% (more desir-
ably at least 10 mol% and not more than 30 mol%)
of the Ti composition is substituted by Nb. This PZT-
family ferroelectric film may have a crystal structure
of at least one of tetragonal and rhombohedral sys-
tems. This PZT-family ferroclectric film may include
Si, or Siand Ge of at least 0.5 mol% (more desirably
at least 0.5 mol% and less than 5 mol%). This PZT-
family ferroelectric film may be formed by using a
sol-gel solution.

(4) A PZT-family ferroelectric according to an em-
bodiment of the present invention is described by a
general formula ABOj, Pb is included as a constitu-
ent element in an A site and at least Zr and Ti are
included as constituent elements in a B site. Amount
of Pb vacancy in the A site is equal to or less than
20 mol% of the stoichiometric composition of the
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ABOg. This PZT-family ferroelectric film may include
Nb in the B site with a compositional ratio equivalent
to twice the Pb vacancy in the A site. With this PZT-
family ferroelectric film, a Ti composition may be
higher than a Zr composition in

[0021] B site, and also the ferroelectric may have a
crystal structure of rhombohedral system. This PZT-fam-
ily ferroelectric film may be formed by using a sol-gel
solution.

1. Ferroelectric Film, Ferroelectric Capacitor, and Meth-
od of Manufacture Thereof

[0022] A schematic section through a ferroelectric ca-
pacitor 100 that uses a ferroelectric film 101 in accord-
ance with an embodiment of the present invention is
shown in Fig. 1.

[0023] As shown in Fig. 1, the ferroelectric capacitor
100 is formed of the ferroelectric film 101, a first electrode
102, and a second electrode 103.

[0024] The first electrode 102 and the second elec-
trode 103 are either formed of a precious metal such as
Pt, Ir, or Ru alone, or a compound material in which that
precious metal is the main part. Since the diffusion of
ferroelectric elements into the lower electrode 102 or the
upper electrode 103 would cause variations in the com-
position of the interface between that electrode and the
ferroelectric film 101, which would adversely affect the
squareness of the hysteresis loop, a compact structure
thatdoes not permit the diffusion of ferroelectric elements
into the lower electrode 102 or the upper electrode 103
is desired. Among methods of increasing the compact-
ness of the lower electrode 102 and the upper electrode
103 is a method of forming the films by sputtering by a
gas having a large mass, or a method of dispersing an
oxide of a substance such as Y or L into a precious metal
electrode.

[0025] The ferroelectric film 101 is formed by using a
PZT-family ferroelectric formed of an oxide including Pb,
Zr and Ti as constituent elements. This embodiment is
particularly characterized in the use of Pb(Zr, Ti, Nb)O4
(PZTN) obtained by doping Nb into Ti sites of this ferro-
electric film 101.

[0026] Nb is substantially the same size as Ti (the ionic
radii thereof are close and the atomic radii are the same)
but is twice the weight thereof, so the atoms thereof are
unlikely to escape from the lattice even if there are colli-
sions between atoms due to lattice vibration. The valence
of Nb is stable at +5, so that even if the Pb escapes, the
atomic weight after the Pb has escaped can be compen-
sated for by the Nb5*. During the crystallization, even if
Pb escape occurs, it is simpler for the small-sized Nb to
enter than the large-sized O to escape.

[0027] Since there are also some Nb atoms of valence
+4, it is possible that the substitution of Ti4* will be per-
formed sufficiently. In addition, it is thought that the cov-
alence of Nb is extremely strong in practice, making it
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difficult for Pb to escape (refer to H. Miyazawa, E. Natori,
S. Miyashita; Jpn. J. Appl. Phys. 39 (2000) 5679).
[0028] Up to now, the Nb doping into PZT has been
mainly performed into Zr-rich trigonal crystal regions and
is extremely small, on the order of 0.2 to 0.025 mol%
(refer to J. Am. Ceram. Soc, 84 (2001) 902 and Phys.
Rev. Let, 83 (1999) 1347). The reason why it has not
been possible to dope large quantities of Nb in this man-
ner is considered to be because the addition of 10 mol%
of Nb, for example, would require an increase in crystal-
lization temperature to at least 800°C.

[0029] In such a case, it is preferable to further add
PbSiO43 silicate in the proportion of 1 to 5 mol%, for
example, during the formation of the ferroelectric film
101. This makes it possible to reduce the crystallization
energy of the PZTN. In other words, if PZTN is used as
the material of the ferroelectric film 101, the addition of
PbSiO, silicate makes it possible to design a reduction
in the crystallization temperature of the PZTN.

[0030] The description now turns to an example of a
film formation method for the PZTN ferroelectric film 101
employed in the ferroelectric capacitor 100 of this em-
bodiment.

[0031] The ferroelectric film 101 can be obtained by
preparing mixed solutions formed of first to third raw ma-
terial solutions including at least one of Pb, Zr, Tiand Nb,
then subjecting the oxides included within these mixed
liquids to thermal processing or the like, to cause them
to crystallize.

[0032] An example of the first raw material solution
could be a solution in which a condensation polymer for
forming PbZrO5 Perovskite crystals by Pb and Zr, from
among constituent metal elements for the PZTN ferroe-
lectric phase, is dissolved in a non-aqueous state in a
solvent such as n-butanol.

[0033] An example of the second raw material solution
could be a solution in which a condensation polymer for
forming PbTiO5 Perovskite crystals by Pb and Ti, from
among constituent metal elements for the PZTN ferroe-
lectric phase, is dissolved in a non-aqueous state in a
solvent such as n-butanol.

[0034] An example of the third raw material solution
could be a solution in which a condensation polymer for
forming PbNbO5 Perovskite crystals by Pb and Nb, from
among constituent metal elements for the PZTN ferroe-
lectric phase, is dissolved in a non-aqueous state in a
solvent such as n-butanol.

[0035] When the ferroelectric film 101 is formed from
PbZrg 5 Tig gNbg 503 (PZTN) by using the above first, sec-
ond, and third raw material solutions, by way of example,
the ratios of (the first raw material solution):(the second
raw material solution):(the third raw material solution)
could be 2:6:2. However, any attempt to use these mixed
solutions for crystallization as they are would necessitate
a high crystallization temperature for the manufacture of
the PZTN ferroelectric film 101. In other words, since the
mixing in of Nb will cause the crystallization temperature
to rise abruptly, making crystallization impossible within
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the temperature range that enables the creation of the
component at not more than 700°C, a substitution for Ti
by Nb has not been used more than 5 mol% in the con-
ventional art and it has been used only as an additive. In
addition, there have been absolutely no examples of PZT
tetragonal crystals in which there is more Ti than Zr. This
is discussed in the previously cited J. Am. Ceram. Soc,
84 (2001) 902 and Phys. Rev. Let, 83 (1999) 1347.
[0036] This embodiment makes it possible to solve the
above-described technical problems by further adding to
the above-described mixed solution at least 1 mol% but
less than 5 mol% of a fourth raw material solution in which
a condensation polymer for forming PbSiO4 crystals is
dissolved in a non-aqueous state in a solvent such as n-
butanol.

[0037] In other words, the use of the above-described
mixture of the first, second, third, and fourth solutions
makes it possible to move the crystallization temperature
of the PZTN to a practicable temperature range of not
more than 700°C.

[0038] More specifically, the ferroelectric film 101 is
formed in accordance with the flowchart of Fig. 2. The
ferroelectric film 101 is formed by repeating a mixed so-
lution painting process (step ST11) then a series of an
alcohol removal process, a dry thermal process, and an
absorbent thermal process (steps ST12 and ST13) ade-
sired number of times, followed by baking by crystalliza-
tion annealing (step ST14).

[0039] Examples of the conditions for these processes
are given below.

[0040] First of all, the film for the lower electrode is
formed to cover a precious metal for the electrode, such
as Pt, on a Si substrate (step ST10). A mixed liquid is
then painted thereon by a method such as spin-coating
(step ST11). More specifically, the mixed solution is
dropped onto the Pt-covered substrate. After spinning at
approximately 500 rpm with the objective of spreading
the dropped solution over the entire surface of the sub-
strate, the angular velocity is dropped to not more than
50 rpm for about 10 seconds. The dry thermal processing
is done at 150°C to 180°C (step ST13). The dry thermal
processing is done by using a hot-plate or the like in the
atmosphere. Similarly, the absorbent thermal processing
is done in the atmosphere on the hot-plate, which is held
at 300°C to 350°C (step ST13). The baking for crystalli-
zation is done by using rapid thermal annealing (RTA) or
the like in an oxygen atmosphere (step ST14).

[0041] The film thickness after baking can be on the
order of 100 to 200 nm. After the upper electrode has
been formed by sputtering or the like (step ST15), post-
annealing is done with the objective of forming an inter-
face between the second electrode and the ferroelectric
thin film and improving the crystallinity of the ferroelectric
thin film, using RTA or the like in an oxygen atmosphere
in a similar manner to the baking (step ST16), to achieve
the ferroelectric capacitor 100.

[0042] The effects of the use of the PZTN ferroelectric
film 101 in the ferroelectric capacitor 100 on the hyster-
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esis characteristic are discussed below.

[0043] A hysteresis curve of electric polarization (P)
versus voltage (V) of the ferroelectric capacitor 100 is
shown schematically in Fig. 3. First of all, when a voltage
+Vs s applied, the polarization magnitude is P(+Vs), then
when the voltage becomes 0 the polarization magnitude
becomes Pr. When the voltage changes to -1/3Vs, the
polarization magnitude is P(-1/3Vs). When the voltage
then becomes -Vs, the polarization magnitude becomes
(-Vs), and when the voltage is again 0, the polarization
magnitude becomes -Pr. When the voltage becomes
+1/3Vs, the polarization magnitude becomes P(+1/3Vs),
and when the voltage is again +Vs, the polarization mag-
nitude returns to P(+Vs).

[0044] The ferroelectric capacitor 100 also has the fea-
tures described below, with respect to the hysteresis
characteristic. If a voltage Vs is applied and the polari-
zation magnitude has gone to P(+Vs) then the applied
voltage goes to 0, the hysteresis loop follows the path
indicated by the arrow A in Fig. 3 and the polarization
magnitude holds the stable value PO(0). If a voltage -Vs
is applied and the polarization magnitude has gone to P
(-Vs) then the applied voltage goes to 0, the hysteresis
loop follows the path indicated by the arrow B in Fig. 3
and the polarization magnitude holds the stable value
PO(1). Thorough utilization of this difference between
the polarization magnitude PO(0) and the polarization
magnitude PO(1) makes it possible to operate a simple
matrix type of ferroelectric memory device by the drive
method disclosed in Japanese Patent Laid-Open No.
9-116107.

[0045] The ferroelectric capacitor 100 of this embodi-
ment enables a reduction in the crystallization tempera-
ture, an improvement in the squareness of hysteresis
loop, and an improvement in Pr. The improvement in
squareness of hysteresis loop achieved by the ferroelec-
tric capacitor 100 has the obvious effect of stabilizing
major disturbances in the driving of the simple matrix type
of ferroelectric memory device. In a simple matrix type
of ferroelectric memory device, a voltage of =1/3Vs is
applied even to cells that are not being written to or read,
so it is necessary to have a stable disturbance charac-
teristic to ensure that the polarization does not change
with these voltage changes. The present inventors have
confirmed for a general PZT that a deterioration of ap-
proximately 80% of the polarization magnitude is seen
when a 1/3Vs pulse is applied 108 times in the direction
opposite to the polarization from a stable polarization
state, but the deterioration in the ferroelectric capacitor
100 of this embodiment is not more than 10%. The use
of the ferroelectric capacitor 100 of this embodiment in
aferroelectric memory device therefore makes it possible
to realize a simple matrix type of memory.

[0046] A detailed description of these embodiments is
given below.
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First Embodiment

[0047] This embodiment compares the PZTN of the
present invention and the PZT of the conventional art.
The entire film formation flow shown in Fig. 2 was used.
[0048] Ratios of Pb:Zr:Ti:Nb=1:0.2:0.6:0.2, 1:0.2:0.7:
0.1, and 1:0.3:0.65:0.5 were used. In other words, the
total quantity of added Nb is 5 to 20 mol%. In this case,
0 to 1% of PbSiO; is added.

[0049] The surface morphologies of the films in this
case are shown in Figs. 4A to 4C. When the crystallinity
of these films were measured by an X-ray diffraction
method, the results were as shown in Figs. 5A to 5C.
With the 0% (none) case shown in Fig. 5A, only ordinary
paraelectric pyrochlore is obtained, even when the crys-
tallization temperature rises to 800°C. With the 0.5%
case showninFig. 5B, PZT and the pyrochlore are mixed.
With the 1% case shown in Fig. 5C, a single orientated
film of PZT (111) is obtained. The crystallinity thereof is
also good, of a quality that can not be achieved up to now.
[0050] Next, the crystallinity of comparative examples
of PZTN thin films with 1% of PbSiO5 added thereto, for
different film thicknesses of 120 to 200 nm, are shown in
Figs. 6A to 6C and Figs. 7A to 7C. Note that Figs. 6A to
6C are electron microphotographs of the surface mor-
phologies for film thicknesses 120 nm to 200 nm and
Figs. 7A to 7C shown the results of measurements done
by an X-ray diffraction method to demonstrate the crys-
tallinity of PZTN thin films of film thicknesses 120 nm to
200 nm. As shown in Figs. 8A to 8C and Figs. 9A to 9C,
hysteresis characteristics with good squareness were
obtained over the entire range of film thickness of 120
nm to 200 nm. Note that Figs. 9A to 9C are enlargements
of the hysteresis curves of Figs. 8A to 8C. These results
confirmed that the hysteresis curves clearly opened up
and also reached saturation at low voltages of less than
orequalto 2V, inthe ZPTN thin films of these examples.
[0051] Theleakage characteristics were also extreme-
ly goodat5 X 10-8to7 X 109 A/cm2when 2 V (saturation)
was applied thereto, regardless of the film composition
and film thickness, as shown in Figs. 10A and 10B.
[0052] The results of measurements of fatigue charac-
teristics and static imprinting of PbZrg 5Tig gNbg 5 thin
films were also good, as shown in Figs. 11A and 11B. In
particular, the fatigue characteristic of Fig. 11A is ex-
tremely good, regardless of whether Pt was used in the
upper and lower electrodes.

[0053] Tests were also performed on an SiO, film 605
formed by ozone TEOS on a ferroelectric capacitor 600
in which a lower electrode 602, a PZTN ferroelectric film
603 of this embodiment, and an upper electrode 604 are
formed on a substrate 601, as shown in Fig. 12. It is
known in the art that, if an SiO, film is formed by ozone
TEOS onPZT, the hydrogen emitted by the TEOS passes
through the upper Pt and reduces, and the PZT crystal
is so destroyed that the hysteresis phenomenon does
not occur.

[0054] With the PZTN ferroelectric film 603 of this em-
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bodiment, however, favorable hysteresis is maintained
with substantially no deterioration, as shown in Fig. 13.
In other words, it is clear that the PZTN ferroelectric film
603 of this embodiment also has a strong resistance to
reduction. If the proportion of Nb in the tetragonal PZTN
ferroelectric film 603 of the present invention does not
exceed 40 mol%, favorable hysteresis is obtained in pro-
portion to the quantity of Nb added.

[0055] Evaluation with aconventional PZT ferroelectric
filmwas done for comparison, the conventional PZT sam-
ples had Pb:Zr:Ti ratios of 1:0.2:0.8, 1:0.3:0.7 and 1:0.6:
0.4.

[0056] The leakage characteristics thereof are such
that the leakage characteristics deteriorate with increas-
ing T1 content, as shown in Fig. 14, so that it is clear that
when Ti is 80% and 2 V was applied, the characteristic
was 10-5 A/cm2, making it unsuitable for memory appli-
cations. Similarly, the fatigue characteristic deteriorated
with increasing Ti content, as shown in Fig. 15. After im-
printing, it was clear that most of the data could not be
read, as shown in Fig. 16.

[0057] Asisclearfromthe above description,the PZTN
ferroelectric film in accordance with this embodiment has
simply solved the problem of the increase in leakage cur-
rent together with the deterioration in the imprint charac-
teristic, which are thought to be intrinsic to PZT in the
conventional art, making it possible to use tetragonal PZT
in memory applications without concern of memory type
or configuration. For the same reason, this material can
also be used in piezoelectric component applications in
which tetragonal PZT could not be used before.

Second embodiment

[0058] This embodiment is a comparison of the ferro-
electric characteristics obtained when the amount of Nb
added to the PZTN ferroelectric film was varied to 0, 5,
10, 20, 30, 40 mol%. 5 mol% of PbSiO5; was added to all
the testpieces. In addition, methyl succinate was added
to the sol-gel solutions for forming the ferroelectric films,
includes of raw materials for film formation, to adjust the
pH to 6. The entire film formation flow shown in Fig. 2
was used therefor.

[0059] Measured hysteresis characteristics of PZTN
ferroelectric films in accordance with this embodiment
are shown in Figs. 17 to 19.

[0060] Fig. 17A shows that when the quantity of added
Nb is 0, leaky hysteresis is obtained, whereas Fig. 17B
shows that when the quantity of added Nb is 5 mol%, a
good hysteresis characteristic with a high level of insu-
lation is obtained.

[0061] Fig. 18A shows that substantially no change is
seen in the ferroelectric characteristic until the quantity
of added Nb reaches 10 mol%. Even when the quantity
of added Nb is 0, it is leaky by no change is seen in the
ferroelectric characteristic. Fig. 18B shown that when the
quantity of added Nb is 20 mol%, a hysteresis charac-
teristic with an extremely good squareness is obtained.
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[0062] However,ithasbeen confirmed thatif the quan-
tity of Nb added exceeds 20 mol%, the hysteresis char-
acteristic changes greatly and tends to deteriorate, as
shown in Figs. 19A and 19B.

[0063] Comparisons of X-ray diffraction patterns are
shown in Fig. 20. When the quantity of added Nb is 5
mol% (Zr/Ti/Nb = 20/75/5), the (111) peak position does
not change from that of a PZT film of the conventional
art in which no Nb is added, but the (111) peak does shift
towards the low-angle side in accordance with the in-
creases in the quantity of added Nb to 20 mol% (Zr/Ti/Nb
=20/60/20) and 40 mol% (Zr/Ti/Nb = 20/40/40). In other
words, it is clear that the actual crystal is trigonal, regard-
less of whether there are Ti-rich tetragonal regions in the
PZT composition. It is clear that the ferroelectric charac-
teristics change as the crystal composition changes.
[0064] In addition, when the quantity of added Nb
reaches 45 mol%, a sufficient hysteresis loop could not
be obtained and it was not possible to confirm the ferro-
electric characteristics (not shown in the figures).
[0065] It has already been stated that the PZTN of the
present invention has an extremely high level of insula-
tion, but Fig. 21 shows this from the viewpoint of obtaining
conditions that ensure that the PZTN is a dielectric.
[0066] In other words, the PZTN of the present inven-
tion has an extremely high level of insulation and this
effect can be achieved by ensuring that Nb is added to
Ti sites in compositional ratio equivalent to twice an in-
sufficiency of Pb.

[0067] With PZTN, therefore, the addition of Nb ena-
bles active control of Bb insufficiency, and also control
over the crystal configuration.

[0068] This shows that the PZTN of this embodiment
would be extremely useful when applied to piezoelectric
element. In general, when PZT is applied to piezoelectric
elements, a trigonal crystal region with a Zr-rich compo-
sition is used. In this case, Zr-rich PZT is called soft PZT.
This literally means that the crystal is soft. Soft PZT is
used in a nozzle that ejects ink in an inkjet printer, but
since it is excessively soft, ink that is too viscous would
impart stress thereto, making it impossible to push out.
[0069] Ti-rich tetragonal PZT, on the other hand, is
called hard PZT, which means it is hard and brittle. While
the PZTN film of the presentinvention is hard, the crystals
can be changed into trigonal crystals by artificial means.
Since it is also possible to change the crystal form arbi-
trarily by the quantity of added Nb and since a Ti-rich
PZT-family ferroelectric film has a small relative permit-
tivity, it is possible to drive such a component at a low
voltage.

[0070] This makes it possible to use hard PZT in ap-
plications in which it could not be used previously, such
as in the ink ejection nozzles of an inkjet printer. In ad-
dition, since Nb makes the PZT softer, it is possible to
provide a PZT that is suitably hard, but not brittle.
[0071] Finally, itis also possible to reduce the crystal-
lization temperature of this embodiment by adding not
just Nb, but a silicate simultaneously with the addition of

10

15

20

25

30

35

40

45

50

55

the Nb.
Third embodiment

[0072] This embodimentinvestigates the validity of us-
ing a PZTN film from the viewpoint of lattice regularity,
when the PZTN film has been formed on a metal film
formed of a platinum-group metal such as Ptor Ir as an
electrode-material for a ferroelectric capacitor that forms
a memory cell portion of ferroelectric memory or a pie-
zoelectric actuator that configures an ink ejection nozzle
portion of an inkjet printer, by way of example. Platinum-
group metals act as underlayer films that determine the
crystal orientation of ferroelectric films, and are also use-
ful as electrode materials. However, since the lattice reg-
ularities of the two materials are not sufficient, a problem
arises concerning the fatigue characteristics of ferroelec-
tric films when applied to elements.

[0073] In this case, the present inventors have devel-
oped a technique designed to ameliorate lattice mis-
matches between a PZT-family ferroelectric film and a
platinum-group metal thin film, by incorporating Nb into
the constituent elements of the PZT-family ferroelectric
film. The process of manufacturing this PZT-family fer-
roelectric film is shown in Figs. 23A to 23C.

[0074] First of all, a given substrate 11 was prepared,
as shown in Fig. 23A. A TiOx layer formed on an SOI
substrate was used as the substrate 11. Note that a pre-
ferred material could be selected from known materials
as this substrate 11.

[0075] Next, as shown in Fig. 23B, a metal film (first
electrode) 102 is formed by sputtering Pt, by way of ex-
ample, onto the substrate 11, then a PZTN film is formed
as the ferroelectric film *101 on the metal film 102, as
shown in Fig. 23C. sol-gel solutions can be used as the
materials for forming the PZTN film. More specifically, a
mixture of a sol-gel solution for PbZrOs, a sol-gel solution
for PbTiO3, and a sol-gel solution for PbNbO; is used,
with a sol-gel solution for PbNbO5 added thereto. Note
that since a constituent element of the PZTN film is Nb,
the crystallization temperature thereof is high. For that
reason, it is preferable to further add the sol-gel solution
for PbSiO3, to reduce the crystallization temperature.
With this embodiment, the abovementioned sol-gel
mixed solution is painted onto the Pt metal film 102 by a
spin-coating method, then is subjected to predetermined
thermal processing to crystallize it. The film formation
flow was similar to shown in Fig. 2.

[0076] When an X-ray diffraction method was used to
measure the crystal lattice constants of PZTN films ob-
tained by this embodiment of the invention, wherein the
quantity of added Nb ranged from 0 mol% to 30 mol%,
the results were as shown in Figs. 24A and 24B. |t is
clear from Figs. 24A and 24B that the lattice constant
along the a axis (or the b axis) became closer to the lattice
constant along the ¢ axis as the quantity of added Nb
increased. In addition, V(abc) in Fig. 24A is an index of
volumetric changes in lattice constant (a,b,c). The ratio
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VIV, in Fig. 24A is the ratio of the volume V(abc) of the
PZTN crystal with respect to an index V,, which is a vol-
umetric change of the lattice constant of a PZT crystal to
which no Nb was added. It can be confirmed from the V
(abc) or VIV, column that the crystal lattice of the PZTN
crystal becomes smaller as the quantity of added Nb in-
creases.

[0077] The lattice mismatch ratios with respect to a lat-
tice constant (a,b,c=3.96) for Pt metal film were calculat-
ed from the lattice constants of PZTN films formed with
the addition of Nb in this manner, and the quantity of
added Nb (mol%) was plotted along the horizontal axis
in Fig. 25. It was confirmed from Fig. 25 that the effects
of including Nb into a PZT-family ferroelectric film are not
limited to the effect of improving the ferroelectric charac-
teristic of each of the above described embodiments, but
they also include the effect of approximating the lattice
constant thereof to the lattice constant of crystals of plat-
inum-group metals such as Pt. It was confirmed that this
effect is particularly obvious in the region in which the
quantity of added Nb is greater than or equal to 5 mol%.
[0078] It has therefore been confirmed that use of the
method reduces lattice mismatches between the metal
film that is the electrode material and the ferroelectric
film, such that the lattice mismatch ratio is improved to
the order of 2% at a quantity of added Nb of 30 mol%,
by way of example. This is considered to be because
strong bonds having both ionic bonding between Nb at-
oms that have substituted for Ti atoms at the B sites in
the PZTN crystal structure and O atoms and covalenee,
these bonds act in directions that compress the crystal
lattice, causing changes in the direction in which the lat-
tice constant decreases.

[0079] In addition, platinum-group metals such as Pt
are chemically stable substances that are ideal as the
electrode material for ferroelectric memory or a piezoe-
lectric actuator, so that the method of this embodiment
makes it possible to alleviate lattice mismatches more
than in the conventional art, even when a PZTN film is
formed directly on this Pt metal film, and also improve
the interface characteristic thereof. The method of this
embodiment therefore makes it possible to reduce fa-
tigue deterioration of PZT-family ferroelectric films, mak-
ing it suitable for application to elements such as ferro-
electric memory or piezoelectric actuators.

Reference Example

[0080] For this example, PbZrg 4Tig O35 ferroelectric
films were manufactured.

[0081] A solution including approximately 20% excess
Pb is used for the conventional method, but this is to
restrain volatile Pb and reduce the crystallization tem-
perature. However, since it is unclear what happens to
excess Pb in the completed thin films, excessive quan-
tities of Pb should be suppressed to a minimum.

[0082] In this case, a 10 wt% density of a sol-gel solu-
tion for PbZry 4Tig O3 (solvent: n-butanol) having 0, 5,
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10, 15, or 20% excess Pb was used, to which was added
1 mol% of 10 wt% density of a sol-gel solution for forming
PbSiO;3 (solvent: n-butanol), was used to form 200-nm
PbZry 4Tig O3 ferroelectric films by the processes of
steps ST20 to ST25 of Fig. 26. The surface morphologies
in this case are shown in Figs. 27A to 27C and XRD
patterns thereof are shown in Figs. 28A to 28C.

[0083] Although an excess of approximately 20% Pb
is necessary in the conventional art, it is clear that crys-
tallization proceeds sufficiently with a 5% excess of Pb.
This shows that the addition of just 1 mol% of the PbSiO4
catalyst lowers the crystallization temperature of PZT, so
that most of the excess Pb is not needed. Thereonafter
the solutions for forming PZT, PbTiO3, and PbZrTiO4 all
had 5% excess Pb.

[0084] Next, a mixed solution of 10 wt% density of a
sol-gel solution for forming PbZrO3 (solvent: n-butanol)
and 10 wt% density of a sol-gel solution for forming
PbTiO4 (solvent: n-butanol) in the ratio 4:6, to which was
added | mol% of 10 wt% density of a sol-gel solution for
forming PbSiO5 (solvent: n-butanol), was used in accord-
ance with the flow shown in Fig. 2 to manufacture 200-
nm PbZr, 4Tig 05 ferroelectric films. The hysteresis
characteristics in this case were favorable, as shown in
Figs. 29A and 29B. However, it was clear they were si-
multaneously leaky.

[0085] For comparison, a 200-nm PbZrj 4Ti ¢O5 ferro-
electric thin flm was manufactured by a conventional
method and the previously-described flow of Fig. 26, us-
ing a mixed solution of 10 wt% density of a sol-gel solution
for forming PbSiO3 (solvent: n-butanol) in 10 wt% density
of a sol-gel solution for PbZry 4Tig O3 (solvent: n-buta-
nol). The hysteresis characteristic in this case was not
particularly impressive, as shown in Fig. 30.

[0086] When degassing analysis was performed on
each of these ferroelectric films, the results were as
shown in Figs. 31A and 31B.

[0087] As shown inFig. 31A, it was confirmed that the
conventional ferroelectric film manufactured by PZT sol-
gel solutions always degases with respect to H and C,
as the temperature rises from room temperature to
1000°C.

[0088] With the ferroelectric film of the present inven-
tion formed by using a solution that is a 4:6 mixture of 10
wt% density of a sol-gel solution for forming PbZrO4 (sol-
vent: n-butanol) and 10 wt% density of a sol-gel solution
for forming PbTiO5 (solvent: n-butanol), however, anal-
ysis showed that degassing was mostly not seen.
[0089] This is thought to be because the use of a so-
lution that is a 4:6 mixture of 10 wt% density of a sol-gel
solution for forming PbZrO4 (solvent: n-butanol) and 10
wt% density of a sol-gel solution for forming PbTiO5 (sol-
vent: n-butanol) ensures that PbTiOj crystallizes on the
Pt from the 10 wt% density of the sol-gel solution for
forming PbTiO3 (solvent: n-butanol) within the initial
mixed solution and this acts as initial crystallization
seeds, and also that lattice mismatches between the Pt
and the PZT disappear, facilitating the crystallization of
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the PZT. The use of a mixed solution is also considered
to form a suitable interface between the PbTiO5 and the
PZT, which is linked to favorable squareness of hyster-
esis loop.

2. Method of Manufacturing Ferroelectric Capacitor

[0090] Sections showing an example of a method of
manufacturing a ferroelectric capacitor are shown sche-
matically in Figs. 32A to 32C.

(1) Firstof all, as shownin Fig. 32A, a lower electrode
102, the ferroelectric film 101, and an upper elec-
trode 103 are formed in sequence as a stack on a
given substrate 110.

The substrate 110 is not particularly limited and thus
any preferred substance can be used therefore, de-
pending on the application of the ferroelectric capac-
itor, such as a semiconductor substrate or a resin
substrate, by way of example.

Either a precious metal such as Pt, Ir, or Ru alone
or a compound material having such a precious met-
al as a main component can be employed as the
lower electrode 102 and the upper electrode 103. A
known film formation method could be used for form-
ing the lower electrode 102 and the upper electrode
103, such as sputtering or vapor deposition. Since
the diffusion of ferroelectric elements into the lower
electrode 102 or the upper electrode 103 would
cause variations in the composition of the interface
between that electrode and the ferroelectric film 101,
which would adversely affect the squareness of the
hysteresis loop, a compact structure that does not
permit the diffusion of ferroelectric elements into the
lower electrode 102 or the upper electrode 103 is
desired. In this case, a method of forming the films
by sputtering by a gas having a large mass, or a
method of dispersing an oxide of a substance such
as Y or L into a precious metal electrode could be
employed in order to increase the compactness of
the lower electrode 102 and the upper electrode 103.
The ferroelectric film 101 includes Pb, Zr, Ti, and Nb
as constituent elements, and thus is called a PZTN
complex oxide. The Ferroelectric film 101 can be
formed by using a spin-coating method or the like to
paint sol-gel solutions including Pb, Zr, Ti, and Nb
onto the lower electrode 102. Mixtures of a first sol-
gel solution in which a condensation polymer for
forming PbZrO4 Perovskite crystals by Pb and Zr is
dissolved in a non-aqueous state in a solvent such
as n-butanol; a second solution in which a conden-
sation polymer for forming PbTiO5 Perovskite crys-
tals by Pb and Ti, from among constituent metal el-
ements forthe PZTN ferroelectric phase, is dissolved
in a non-aqueous state in a solvent such as n-buta-
nol; and a third sol-gel solution in which a conden-
sation polymer for forming PbTiO5 Perovskite crys-
tals by Pb and Ti, from among constituent metal el-
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ements forthe PZTN ferroelectric phase, is dissolved
ina non-aqueous state in asolvent such as n-butanol
could be used as these sol-gel solutions. In addition,
during the formation of the ferroelectric film 101, a
sol-gel solution including a silicate or germanate for
reducing the crystallization temperature of the PZTN
complex oxide could be added. More specifically, at
least | mol% but less than 5 mol% of a fourth sol-gel
solution in which a condensation polymer for forming
PbSiO; crystals is dissolved in a non-aqueous state
in a solvent such as n-butanol could be further added
to the above-described mixture of sol-gel solutions.
The mixing in of this fourth sol-gel solution makes it
possible for the crystallization to occur within a tem-
perature range that enables the creation of elements
at a crystallization temperature for the PZTN com-
plex oxide of 700°C, although the inclusion of Nb as
a constituent element would normally increase the
crystallization temperature.

Itis preferable that the painted film for the ferroelec-
tric film 101 is subjected to preliminary thermal
processing at a temperature (such as not more than
400°C) that does not cause crystallization of the PZ-
TN complex oxide in an oxidizing atmosphere, to put
the PZTN complex oxide into an amorphous state.
This enables the advance of the previously de-
scribed process while preventing the diffusion of con-
stituent elements in a state in which the ferroelectric
film 101 is in an amorphous state, with no grain
boundaries. The performing of this preliminary ther-
mal processing in an oxidizing atmosphere has the
effect of introducing into the ferroelectric film 101 the
oxygen component that is necessary for the crystal-
lization of the PZTN complex oxide after the forma-
tion of a protective film, which will be described layer.

(2) Next, as shown in Fig. 32B, the lower electrode
102, the ferroelectric film 101, and the upper elec-
trode 103 are etched to a desired shape, and a pro-
tective film 104 of silicon dioxide (SiO,) is formed to
cover them. The protective film 104 in this case can
be formed by a CVD method, using trimethylsilane
(TMS). With trimethylsilane (TMS), there is a smaller
quantity of hydrogen generated during the CVD proc-
ess, in comparison with the tetraethyl orthosilicate
(TEOS) that is generally used for forming a silicon
dioxide film. If trimethylsilane (TMS) is used for that
reason, it is possible to reduce processing damage
to the ferroelectric film 101 due to the reductive re-
action. Since the process of using trimethylsilane
(TMS) to form the protective film 104 can be done
at a lower temperature (from room temperature to
350°C) than the process using TEOS (a film-forma-
tion temperature of at least 400°C), it is possible to
maintain the amorphous state achieved by the proc-
ess of (1), preventing crystallization of the PZTN
complex oxide by the heat generated by this process
of forming the protective film 104.
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(3) Next, as shown in Fig. 32C, thermal processing
is performed to crystallize the PZTN complex oxide
that configures the ferroelectric film 101, making it
possible to obtain a ferroelectric capacitor having a
PZTN ferroelectric crystal film 101a. This thermal
processing could be done, not in an oxygen atmos-
phere, but in an atmosphere of a non-oxidizing gas
such as Aror N, orin air, to enable the crystallization
of the PZTN-complex oxide.

[0091] Figs. 33A and 33B show results obtained by
measuring the hysteresis characteristics of capacitors in
which the manufacture method of this embodiment was
employed to form a SiO, protective film by using TMS
over a ferroelectric capacitor formed of a Pt lower elec-
trode, a PZTN ferroelectric film, and a Pt upper electrode,
when the PZTN ferroelectric film was subjected to ther-
mal processing in an oxygen atmosphere or air after this
SiO, protective film was formed. Fig. 33A shows the re-
sults of thermal processing in an oxygen atmosphere and
Fig. 33B shows the results of thermal processing in air.
Figs. 33A and 33B show that hysteresis characteristics
with good squareness were obtained, regardless of
whether the thermal processing was done in an oxygen
atmosphere or air, even though a hydrogen-resisting bar-
rier film was not formed. This is because preliminary ther-
mal processing was performed in an oxidizing atmos-
phere during the formation of the ferroelectric film 101
so that the oxygen necessary for the crystallization had
previously entered the film. In other words, the manufac-
ture method of this embodiment makes it possible to crys-
tallize the ferroelectric film without being dependent on
the atmosphere for thermal processing. In addition, when
the thermal processing for crystallization is performed in
a non-oxidizing gas atmosphere, it is possible to prevent
oxidation damage due to high-temperature thermal
processing on peripheral components (for example, met-
al wiring) other than the capacitor, when applied to a
method of manufacturing a ferroelectric memory that will
be described later. Note that since the thermal process-
ing for crystallizing the PZTN complex oxide in this proc-
ess is not very dependent on the type of gas in the at-
mosphere, contact holes for forming metal wiring for con-
necting the upper electrode 103 to the exterior can be
formed after the protective film 104 is formed.

[0092] Fig. 34 shows the results of measurements ob-
tained by measuring the hysteresis characteristic for ex-
amples in which the manufacture method of this embod-
iment was employed to form a SiO, protective film by
using TMS over a ferroelectric capacitor formed of a Pt
lower electrode, a PZTN ferroelectric film, and a Pt upper
electrode, and the PZTN ferroelectric film was crystal-
lized after the formation of this SiO, protective film, where
the formation temperature of the SiO, protective film was
room temperature, 125°C, and 200°C; and the hysteresis
characteristic of a reference example in which the PZTN
ferroelectric film was crystallized without the SiO, pro-
tective film being tormed, and calculating the correspond-
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ing change in residual polarization magnitude 2Pr. From
Fig. 34 itcan be seen thatthere was no change in residual
polarization magnitude 2Pr, whether the SiO, protective
film was formed at room temperature, 125°C, or 200°C,
which confirms that the formation of the SiO,, protective
film does not result in an inferior product. In other words,
by performing the thermal processing for crystallizing the
PZTN complex oxide even after damage is done by hy-
drogen during the processing of the ferroelectric film 101
in the formation of the protective film 104, the manufac-
ture method of this embodiment ensures that the PZTN
complex oxide is crystallized while any such damage is
repaired. This makes it possible to omit the process of
forming a barrier film for protecting against reductive re-
actions of the ferroelectric film 101, which is necessary
in the conventional art, enabling an increase in produc-
tivity and a reduction in production costs.

3. Ferroelectric Memory

[0093] The configuration of a simple matrix type of fer-
roelectric memory device 300 is shown in Figs. 35A and
35B. Fig. 35A is a plan view thereof and Fig. 35B is a
section taken along a line A-A in Fig. 35A. The ferroelec-
tric memory device 300 has a predetermined array of
word lines 301 to 303 and a predetermined array of bit
lines 304 to 306 formed on a substrate 308. Aferroelectric
film 307 formed of the PZTN described with respect to
this embodiment is inserted between the word lines 301
to 303 and the bit lines 304 to 306, and ferroelectric ca-
pacitors are formed at the intersection regions between
the word lines 301 to 303 and the bit lines 304 to 306.
[0094] In the ferroelectric memory device 300 in which
memory cells configured of this simple matrix are ar-
rayed, the operations of writing to and reading from the
ferroelectric capacitors formed at the intersections be-
tween the word lines 301 to 303 and the bit lines 304 to
306 are done by peripheral drive circuits and a read am-
plifier circuit (called "peripheral circuit" although not
shown in the figures). This peripheral circuit could be
formed of MOS transistors on another substrate than the
memory cell array, or the peripheral circuit could be in-
tegrated on the same substrate as the memory cell array.
[0095] Fig. 36 is a section through an example of the
ferroelectric memory device 300 in which the memory
cell array is integrated on the same substrate as the pe-
ripheral circuit.

[0096] In Fig. 36, a MOS transistor 402 is formed on a
monocrystalline silicon substrate 401, and this transistor
formation region supports a peripheral circuit. The MOS
transistor 402 is formed of the monocrystalline silicon
substrate 401, a source/drain region 405, a gate isolation
film 403, and a gate electrode 404.

[0097] The ferroelectric memory device 300 includes
an element separation oxide layer 406, a first interlayer
dielectric 407, a first wiring layer 408, and a second in-
terlayer dielectric 409.

[0098] The ferroelectric memory device 300 has a
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memory cell array formed of ferroelectric capacitors 420,
where each ferroelectric memory cell is formed of a lower
electrode (first electrode or second electrode) 410 that
becomes a word line or bit line, a ferroelectric film 411
including a ferroelectric phase and an ordinary paraelec-
tric phrase, and an upper electrode (second electrode or
first electrode) 412 that becomes a bit line or a word line.
[0099] This ferroelectric memory device 300 also has
a third interlayer dielectric 413 on the ferroelectric capac-
itor 420, and the memory cell array and the peripheral
circuit are connected by a second wiring layer 414. Note
that a protective film415isformed over the third interlayer
dielectric 413 and the second wiring layer 414 of the fer-
roelectric memory device 300.

[0100] The ferroelectric memory device 300 having the
configuration described above makes it possible to inte-
grate a memory cell array and a peripheral circuit on the
same substrate. Note that the ferroelectric memory de-
vice 300 shown in Fig. 36 is configured of a memory cell
array on top of the peripheral circuit, but the configuration
could equally well be such that the memory cell array is
connected to the peripheral circuit in a planar manner,
without disposing the memory cell array on the peripheral
circuit.

[0101] Sincetheferroelectric capacitor 420 used in this
embodimentis configured of the PZTN described above,
the squareness of the hysteresis loop is extremely good
and it has a stable disturbance characteristic. In addition,
the reduction in the processing temperature for this fer-
roelectric capacitor 420 reduces damage to peripheral
circuits and other components, and also reduces
processing damage (particularly that due to hydrogen
reduction), so that any deterioration in the hysteresis loop
due to damage can be suppressed. The use of this fer-
roelectric capacitor 420 therefore enables practicable ap-
plication of the simple matrix type of ferroelectric memory
device 300.

[0102] A configurational view of a 1T1C type of ferro-
electric memory device 500 that is a variant example is
shown in Fig. 37A. an equivalent circuit diagram of the
ferroelectric memory device 500 is shown in Fig. 37B.
[0103] The ferroelectric memory device 500 is a mem-
ory device of a configuration that closely resembles
DRAM, having a capacitor 504 (1C) formed of a lower
electrode 501, an upper electrode 502 connected to a
plate line, and a ferroelectric film 503 to which the PZTN
ferroelectric of this embodiment is applied; and a tran-
sistor element 507 (IT) for switching wherein either the
source or the drain electrode is connected to a data line
505 and a gate electrode 506 is connected to a word line,
as shown in Fig. 37A. There are hopes that this structure
will replace SRAM since writing and reading with respect
to a 1T1C type of memory can be done at high speeds
of not more than 100 ns and also the data written thereto
is non-volatile.
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4. Method of Manufacturing Ferroelectric Memory

[0104] The description now turns to a case in which
the manufacture method described in "2. Method of Man-
ufacturing Ferroelectric Capacitor" is applied to a method
of manufacturing ferroelectric memory.

[0105] Figs. 38A to 38C are schematic sections show-
ing an example of the process of manufacturing the fer-
roelectric memory in accordance with this embodiment.
[0106] With this embodiment, the lower electrode 102,
the PZTN ferroelectric film 101, and the upper electrode
103 of the ferroelectric capacitor 100 are formed sequen-
tially on the substrate 110, as shown in Fig. 38A. During
this time, the ferroelectric film 101 is subjected to prelim-
inary thermal processing in an oxidizing atmosphere, to
put it into an amorphous state. Note that the substrate
110 could have a configuration such that a transistor 116
for cell selection is formed on a semiconductor substrate
111, as shown by way of example in Fig. 38A. This tran-
sistor 116 could be configured of a source and drain 113,
a gate oxide layer 114, and a gate electrode 115. A plug
electrode 117 formed of tungsten or the like is formed
over either the source or the drain 113, enabling the use
of a stack structure that is formed to enable connection
to the lower electrode 102 of the ferroelectric capacitor
100. The cells are isolated by an element separation re-
gion 112 in the substrate 110 between the cells, and the
transistor 116 can have an interlayer dielectric 118
formed of an oxide layer or the like above the transistor
116.

[0107] The fabrication process in accordance with this
embodiment patterns the ferroelectric capacitor 100 to
the desired size and shape, as shown in Fig. 38B. The
SiO,, protective film 104 is formed by using trimethylsilane
(TMS) to cover the ferroelectric capacitor 100, a contact
hole 105 for connection to the exterior is formed, and
then thermal processing is preformed to crystallize the
PZTN ferroelectric and form the ferroelectric film 101a.
During the crystallization of the PZTN ferroelectric, the
thermal processing for the crystallization could be per-
formed in a non-oxidizing atmosphere, This makesitpos-
sible to prevent any oxidation damage due to high-tem-
perature thermal processing to peripheral components
(such as metal wiring) outside of the ferroelectric capac-
itor 100.

[0108] Finally, a contact hole for connecting the tran-
sistor 116 to the exterior is formed in the SiO, protective
film 104 and the ferroelectric memory is completed by
the formation of metal wiring layers 191 and 192, as
shown in Fig. 38C. The fabrication process of this em-
bodiment enables the omission of the process of forming
a barrier film for protecting the ferroelectric film 101 from
reductive reactions, which is necessary in the conven-
tional art, thus enabling an increase in productivity and
a reduction in production costs. Since this enables the
formation of the ferroelectric capacitor 100 that has a
favorably square hysteresis characteristic even although
the process of forming that barrier layer is omitted, it
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makes it possible to obtain ferroelectric memory with su-
perlative characteristics.

[0109] Note that the descriptions above dealt with the
process of manufacturing a 1T1C type of ferroelectric
memory but the method of manufacturing a ferroelectric
capacitor in accordance with this embodiment can also
be applied to methods of manufacturing ferroelectric
memory that use other types of cell, such as the 2T2C
type or the simple matrix type (crosspoint-type).

5. Piezoelectric Element and Inkjet-type Recording Head

[0110] The description now turns to details of an inkjet
type of recording head.

[0111] In aninkjet-type recording head wherein part of
a stress generating chamber that communicates with a
nozzle aperture that ejects ink droplets is formed of a
vibrating plate, where ink in the stress generating cham-
ber is pressurized by distortions of this vibrating plate by
a piezoelectric element and is ejected as ink droplets
from a nozzle aperture, there are two methods of imple-
mentation: one using a piezoelectric actuator having lon-
gitudinal resonance mode by which a piezoelectric ele-
ment resonates longitudinally to expand and contract in
the axial direction and one using an piezoelectric actuator
having a flexural resonance mode.

[0112] Itis known to form a uniform piezoelectric layer
by a film-formation technique over the entire surface of
a vibrating plate, for use as an actuator of a flexural res-
onance mode, then divide that piezoelectric layer by a
lithography method into shapes corresponding to stress
generating chambers and form a piezoelectric element
independently for each stress generating chamber.
[0113] A partial perspective view of parts of an inkjet-
type recording head is shown in Fig. 39, a plan view and
a section taken along the line A-A’ of Fig. 39 are shown
in Figs. 40A and 40B, and a schematic view of the layer
structure of a piezoelectric element 700 is shown in Fig.
41. As shown in these figures, a flow path shaping sub-
strate 10 is formed of a (110)-orientation silicon monoc-
rystalline substrate, and an elastic film 50 of thickness 1
to 2 wm is formed of silicon dioxide by previous thermal
oxidation on one surface thereof. A plurality of stress gen-
erating chambers 12 are arrayed in the widthwise direc-
tion of the flow path shaping substrate 10. A connective
portion 13 is formed in the longitudinal direction of a re-
gion on the outer side of the stress generating chambers
12 communicating with a reservoir portion of a sealing
substrate 30 that will be described later. Each ink supply
path 14 is formed to width that is narrower than the stress
generating chamber 12, to keep the resistance of ink flow-
ing into the stress generating chamber 12 from the ink
supply path 14 constant.

[0114] On an aperture surface side of the flow path
shaping substrate 10, a nozzle plate 20 is affixed by ad-
hesive or thermal bonding film. Nozzle apertures 21
pierce the nozzle plate 20 and communicate with an edge
portion on the opposite side from the ink supply paths 14
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of the stress generating chambers 12.

[0115] On the opposite side from the aperture surface
of the flow path shaping substrate 10, the elastic film 50
of a thickness of approximately 1.0 um, by way of exam-
ple, is formed as mentioned previously, and a dielectric
film 55 of a thickness of approximately 0.4 um, by way
of example, is formed on that elastic film 50. In addition,
a lower electrode film 60 of a thickness such as approx-
imately 0.2 uwm, a piezoelectric layer 70 of a thickness
such as approximately 1.0 wm, and an upper electrode
film 80 of a thickness such as approximately 0.05 um are
formed in a stack on the dielectric film 55 by processing
that will be described later, to form the piezoelectric ele-
ment 700. In this case, the piezoelectric element 700 is
the portion including the lower electrode film 60, the pi-
ezoelectric layer 70, and the upper electrode film 80. In
general, one electrode of the piezoelectric element 700
is a common electrode and the other electrode and the
piezoelectric layer 70 are patterned to form each stress
generating chamber 12. A portion formed of the thus-
patterned electrode and the piezoelectric layer 70 that
generates piezoelectric strain by the application of a volt-
age to the two electrodes is called an active piezoelectric
portion. With this embodiment, the lower electrode film
60 is the common electrode of the piezoelectric element
700 and the upper electrode film 80 is the other electrode
of the piezoelectric element 700, but there is no obstacle
to reversing these roles to suit the circumstances of the
drive circuit or wiring. In either case, an active piezoelec-
tric portion is formed for each stress generating chamber.
In this case, the combination of the piezoelectric element
700 and the vibrating plate in which displacements are
generated by the driving of that piezoelectric element 700
is called a piezoelectric actuator. Note that the piezoe-
lectric layer 70 is provided independently for each stress
generating chamber 12 and is configured of a plurality of
layers of ferroelectric film 71 (71 a to 71f).

[0116] An inkjet-type recording head forms part of a
recording head unit that provides an ink flow path com-
municating with an ink cartridge or the like, and is mount-
ed in an inkjet-type recording device. A schematic view
of an example of this inkjet-type recording device is
shown in Fig. 42. As shown in Fig. 42, recording head
units 1A and 1B having inkjet-type recording heads are
provided with removable cartridges 2A and 2B that form
ink supply means, and a carriage in which these record-
ing head units 1A and 1B are mounted is provided so as
to be able to move freely in the axial direction of a carriage
shaft 5 that is attached in a device body 4. These record-
ing head units | A and 1B are designed to eject substanc-
es that compose black ink and color ink, respectively.
The carriage 3 in which the recording head units 1A and
1B are mounted is made to move along the carriage shaft
5 by the transfer of a driving force of a drive motor 6 to
the carriage 3 through a plurality of gearwheels (not
shown in the figure) and a timing belt 7. A platen 8 is also
provided on the carriage shaft 5 in the device body and
a sheet S that is a sheet of a recording medium such as
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paper supplied by paper-supply rollers (not shown in the
figure) is transferred onto the platen 8.

[0117] Note that the description above relates to one
example of an inkjet-type recording head that ejects ink
as a liquid ejection head, but the present invention can
also be applied widely to liquid ejection heads and liquid
ejection devices in which piezoelectric elements are
used. Examples of such a liquid ejection head include a
recording head used in an image recording device such
as a printer, a color jet head used for forming a color filter
for a liquid-crystal display or the like, an organic EL dis-
play, an electrode material ejection head used for forming
electrodes for a field emission display (FED) or the like,
and a living organic ejection head used in the formation
of biochips.

[0118] Since the piezoelectric element of this embod-
iment uses a PZTN film in accordance with this embod-
iment as described above as the piezoelectric layer, it
achieves the following effects.

(1) Since covalence is increased in the piezoelectric
layer, the piezoelectric constant is increased.

(2) Itis easy to apply an electrical field that suppress-
es the generation of faults in the interface between
the piezoelectric layer and the electrode, for sup-
pressing any insufficiency of PbO in the piezoelectric
layer, enabling an increase in the efficiency thereof
as a piezoelectric element.

(3) Since leakage currents in the piezoelectric layer
are suppressed, it is possible to make a thin film of
the piezoelectric layer. A liquid ejection head and
liquid ejection device in accordance with this embod-
iment makes use of a piezoelectric elementincluding
the above-described piezoelectric layer, enabling it
to achieve the following effect in particular.

(4) Since a reduction in fatigue deterioration of the
piezoelectric layer is enabled, time-related changes
in the displacement magnitude of the piezoelectric
layer can be suppressed, enabling an increase in
reliability.

[0119] The present invention has been described
above with reference to preferred embodiments thereof
but the present invention is not limited thereto and thus
is it possible to implement other types of distortion within
the range of the invention as laid out herein.

[0120] Forexample, the substitution of Ta, W, V, or Mo
for the Nb in the PZT of the ferroelectric film 101, or the
addition thereof, would have similar effects. The use of
Mn as an addition would have effects similar to those of
Nb. Similar thinking would lead to the substitution of el-
ements of a valence of +3 or greater, to prevent the es-
cape of Pb, and candidates therefor could be of the lan-
thanoide series, such as La, Ce, Pr, Nd, Pm, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. Inaddition the additive
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that promotes crystallization could be a germanate (Ge)
instead of a silicate. The hysteresis characteristic of a
material in which 10 mol% Ta is added to the PZT in
place of Nb is shown in Fig. 43A. The hysteresis charac-
teristic of a material in which 10 mol% W is added to the
PZT in place of Nb is shown in Fig. 43B. It is clear that
the use of Ta would have a similar effect to that obtained
by the addition of Nb. Similarly, the use of W have also
a similar effect to that obtained by the addition of Nb,
from the viewpoint of a hysteresis characteristic has good
insulating properties.

Claims

1. Aferroelectric film that is described by a general for-
mula AB4_Nb, O,
wherein A includes at least Pb,
wherein B includes at least one of Zr, Ti. V, W, Hf
and Ta, and characterised in that x is within the
range of: 0.05 < x < 1.

2. The ferroelectric film as defined by claim 1,
wherein A includes Pb1_yLny, and
wherein Ln includes at least one of La, Ce, Pr, Nd,
Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, and
y is within the range of: 0 <y <0.2.

3. Aferroelectric film that is described by a general for-
muIa(Pb1_yAy)(B1_XNbX)O3,
wherein A includes at least one of La, Ce, Pr, Nd,
Pm, Smut Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu,
wherein B includes at least one of Zr, Ti, V, W, Hf
and Ta, and
wherein x is within the range of: 0.05 <x < 1.

4. Theferroelectric film as defined by any one of claims
1 to 3, wherein x is within the range of: 0.1 <x <0.3.

5. The ferroelectric film as defined by claim 1, wherein:
A includes at least Pb,
B includes at least Zr and Ti, and

x is within the range of: 0.1 <x < 0.4.

6. The ferroelectric film as defined by claim 5, wherein
x is within the range of: 0.1 <x<0.3.

7. The ferroelectric film as defined by claim 5 or 6, hav-
ing a crystal structure of at least one of tetragonal

and rhombohedral systems.

8. The ferroelectric film as defined by any one of claims
5 to 7, comprising:

Si, or Si and Ge of at least 0.5 mol%.

9. Theferroelectric film as defined by any one of claims
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5 to 8, comprising:

Si, or Si and Ge of at least 0.5 mol% and less
than 5 mol%.

Patentanspriiche

1.

Ferroelektrischer Film, der durch eine allgemeine
Formel AB_Nb,O5 beschrieben ist,

wobei A mindestens Pb enthalt,

wobei B mindestens eines von Zr, Ti, V, W, Hf und
Ta enthalt und

dadurch gekennzeichnet, dass x im Bereich von:
0,05 <x<1ist.

Ferroelektrischer Film nach Anspruch 1,

wobei A Pb1_yLny enthalt und

wobei Ln mindestens eines von La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb und Lu enthalt
und y im Bereich von: 0 <y < 0,2 ist.

Ferroelektrischer Film, der durch eine allgemeine
Formel (Pby_A,) (B1xNb,)O3 beschrieben ist, wo-
bei A mindestens eines von La, Ce, Pr, Nd, Pm, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb und Lu enthalt,
wobei B mindestens eines von Zr, Ti, V, W, Hf und
Ta enthalt und

wobei x im Bereich von: 0,05 < x < 1 ist.

Ferroelektrischer Film nach einem der Anspriiche 1
bis 3, wobei x im Bereich von: 0,1 <x < 0,3 ist.

Ferroelektrischer Film nach Anspruch 1, wobei:

A mindestens Pb enthalt,
B mindestens Zr und Ti enthalt und
x im Bereich von: 0,1 <x < 0,4 ist.

Ferroelektrischer Film nach Anspruch 5, wobei x im
Bereich von: 0,1 < x< 0,3 ist.

Ferroelektrischer Film nach Anspruch 5 oder 6 mit
einer Kristallstruktur mindestens eines von tetrago-
nalen und rhomboedrischen Systemen.

Ferroelektrischer Film nach einem der Anspriiche 5
bis 7, umfassend: Si oder Si und Ge von mindestens
0,5 Mol%.

Ferroelektrischer Film nach einem der Anspriiche 5
bis 8, umfassend: Si oder Si und Ge von mindestens
0,5 Mol% und weniger als 5 Mol%.

Revendications

1.

Film ferroélectrique décrit par une formule générale
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AB4Nb,Og,

dans lequel A comprend au moins Pb,

dans lequel B comprend au moins I'un parmi Zr, Ti,
V, W, Hf et Ta, et

caractérisé en ce que x se situe dans la plage
suivante : 0,05 <x< 1.

Film ferroélectrique tel que défini par la revendication
1,

dans lequel A comprend Pb1_yLny, et

dans lequel Ln comprend au moins I'un parmi La,
Ce, Pr,Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
et Lu, et y se situant dans la plage suivante : 0 <y
<0,2.

Film ferroélectrique décrit par une formule générale
(Pb1yAy) (B1,Nb,)O3,

dans lequel A comprend au moins I'un parmi La, Ce,
Pr,Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb et Lu,
dans lequel B comprend au moins I'un parmi Zr, Ti,
V, W, Hf et Ta, et

dans lequel x se situe dans la plage suivante : 0,05
<x<1.

Film ferroélectrique tel que défini par 'une quelcon-
que des revendications 1 a 3, dans lequel x se situe
dans la plage suivante : 0,1 <x<0,3.

Film ferroélectrique tel que défini par la revendication
1, dans lequel :

A comprend au moins Pb,
B comprenant au moins Zr et Ti, et
x se situant dans la plage suivante : 0,1 <x<0,4.

Film ferroélectrique tel que défini par la revendication
5, dans lequel x se situe dans la plage suivante : 0,1
<x<0,3.

Film ferroélectrique tel que défini par les revendica-
tions 5 ou 6, ayant une structure cristalline d’au
moins 'un parmi un systéme tétragonal et un systé-
me rhombohédrique.

Film ferroélectrique tel que défini par 'une quelcon-
que des revendications 5 a 7, comprenant : Si, ou
Si et Ge d’'un pourcentage molaire d’au moins 0,5.

Film ferroélectrique tel que défini par 'une quelcon-
que des revendications 5 a 8, comprenant : Si, ou
Si et Ge d’un pourcentage molaire d’au moins 0,5 et
d’un pourcentage molaire de moins de 5.
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FIG. 20
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FIG. 21
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